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sion gauge tether (TGT) as a molecular force sensor and determined the threshold tension across a single integrin-
ligand bond, termed integrin tension, required for initial cell adhesion. Here, we used fluorescently labeled TGTs to study
the magnitude and spatial distribution of integrin tension on the cell-substratum interface. We observed two distinct
levels of integrin tension. A >54 pN molecular tension is transmitted by clustered integrins in motile focal adhesions
(FAs) and such force is generated by actomyosin, whereas the previously reported ~40 pN integrin tension is trans-
mitted by integrins before FA formation and is independent of actomyosin. We then studied FA motility using a TGT-coated
surface as a fluorescent canvas, which records the history of integrin force activity. Our data suggest that the region of the
strongest integrin force overlaps with the center of a motile FA within 0.2 mm resolution. We also found that FAs move in
pairs and that the asymmetry in the motility of an FA pair is dependent on the initial FA locations on the cell-substratum
interface.INTRODUCTIONIntegrins are transmembrane proteins that provide adhesive
linkages between cells and the extracellular matrix (1–3)
and transmit forces in and out of cells (4). Such forces
are exerted by cells to sense external environments (5,6)
and activate internal mechanobiochemical pathways (7,8).
Integrin forces regulate many cellular functions such as
cell adhesion (9), proliferation (10), polarization (11),
migration (12,13), and ultimately, stem cell differentiation
(14), and cancer metastasis (15,16). Initially, integrins are
individual and nonclustered on cell membrane. During
cell adhesion, integrins can cluster and form focal adhe-
sions (FAs) with other proteins on the cell-substratum
interface. Physical methods have been developed to study
integrin forces at the bulk level (17–21) and have revealed
significant insights into the integrin signaling pathway.
However, single molecular tensions on integrins before
and after FA formation were not identified and distin-
guished in previous studies.
In recent years, new force sensors have been developed to
study integrin forces at the molecular level (22–26). Among
these methods, tension gauge tether (TGT) can determine
the tension across a single receptor-ligand bond, termed
integrin tension here, using a rupturable DNA tether with
a tunable tension tolerance (Ttol) (22). Using TGT, we re-Submitted August 24, 2015, and accepted for publication October 26, 2015.
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0006-3495/15/12/2259/9ported that ~40 pN peak tension needs to be applied across
single integrin-ligand bonds to initiate integrin-mediated
cell adhesion. This 40 pN force is likely to act on integrins
before FA formation because it kicks in within 5 min of
cell plating when FAs are not formed (22,27). Recently,
the Salaita group and Chen group developed DNA
hairpin-based tension sensors (25,26) and demonstrated
that integrin tension within FAs is larger than DNA hairpin
opening forces of ~10 pN. The Salaita group also reported
that integrin tension in FAs can rupture streptavidin-biotin
bonds (28). Here, we further identified the range of integrin
tension in motile FAs that leave behind linear tracks of
ruptured TGTs.
In this work, we fluorescently labeled TGTs and immobi-
lized integrin ligand molecules through TGTs on a surface.
Integrin tension larger than the Ttol of the TGT would
rupture the TGT and cause fluorescence loss from the
surface. Using this strategy, we analyzed the distribution
of integrin tension over the cell-substratum interface. We
observed two distinct tension levels arising from separate
sources: an ~40 pN tension on nonclustered integrins and
a >54 pN tension on clustered integrins in FAs. The former
is independent of actomyosin, whereas the latter is powered
by actomyosin through actin stress fibers connecting two
FAs. The TGT platform also provides a convenient tool
for FAmotility study and revealed the>54 pN integrin force
history left behind by motile FAs and motility asymmetry
of FA pairs.http://dx.doi.org/10.1016/j.bpj.2015.10.029
2260 Wang et al.MATERIALS AND METHODS
Synthesis of 18 bp DNA-based TGTs
Cyclic peptide RGDfK targeting integrin aVb3 was conjugated to a DNA
strand of a double-stranded DNA (dsDNA) (top strand, labeled with a
Cy3 fluorophore). The bottom strand of the dsDNA has a biotin tag at a
desired position for tethering to a surface through biotin-neutravidin
bond. The biotin position on the dsDNA determines the dsDNA tension
tolerance. Single-stranded DNAs (ssDNAs) were purchased from Inte-
grated DNATechnologies (Coralville, IA). The sequence and modification
of the top strand are shown below.
5- /5Cy3/GGC CCG CAG CGA CCA CCC/3ThioMC3-D/ -3
Cyclic peptide RGDfK-NH2 (catalog No. PCI-3696-PI) was purchased
from Peptides International (Louisville, KY). RGDfK and the top strand
were conjugated together through heterobifunctional cross-linker Sulfo-
SMCC (22622, Thermo Fisher Scientific, Waltham, MA). Sulfo-SMCC
has maleimide and NHS ester groups on two ends, which react with the thiol
group on thiol-modified DNA and amine on RGDfK, respectively. We used
the following protocol for RGDfK-ssDNA conjugation. 1) Add 5 mL 
[50 mM TCEP þ 50 mM EDTA] (PH 7.2~7.4) into 20 mL  1 mM
DNA in PBS buffer (phosphate-buffered saline). React for 30 min at
room temperature (RT). The purpose was to deprotect the thiol group by
cleaving ThioMC3-D and make the thiol group available for thiol-
maleimide reaction. 2) Mix 50 mL  10 mM RGDfK-NH2 in PBS and
10 mL  23 mM sulfo-SMCC (predissolved in pure water). React for
20 min at RT. 3) Mix ssDNA solution and RGDfK solution prepared in
step 1 and 2. React for 1 h at RT or overnight at 4C. 4) Purify the DNA
through electrophoresis in acrylamide gel. Two ssDNA bands were sepa-
rated by the gel, the lagging band is the ssDNA conjugated with RGDfK.
The other band is unconjugated ssDNA. Mince the gel band and extractFIGURE 1 Surface-immobilized RGDfK-TGTs ruptured by integrin tensions
five TGT constructs with Ttol¼ 12~54 pN used in this article. The top DNA stran
of cells and the rupture patterns of TGTs with Ttol ¼ 12~54 pN reported by Cy
incubation on a TGT surface. To see this figure in color, go online.
Biophysical Journal 109(11) 2259–2267ssDNA-RGDfK by soaking minced gel in PBS overnight. ssDNA-RGDfK
was collected by centrifugation. The ssDNA-RGDfK conjugate was further
purified by ethanol precipitation.
The bottom strand 5-GGG TGG TCG CTG CGG GCC-3 has a biotin
label at various locations (see Fig. 1 A). TGT constructs were assembled
by annealing RGDfK-ssDNA and biotin-ssDNA in PBS buffer.Preparation of TGT surfaces
All TGTs were immobilized on a glass surface through neutravidin-biotin
bonds. A glass bottom petri dish (D35-14-1.5-N, In Vitro Scientific, Moun-
tain View, CA) was incubated with 1 mg/ml BSA-biotin (bovine serum al-
bumin, A8549, Sigma-Aldrich, St. Louis, MO) in PBS for 1 h, and then the
surface was washed by PBS solution three times. BSA-biotin provides
biotin tags for neutravidin coating and BSA also suppresses nonspecific
cell adhesion. The surface was then incubated with 200 mg/ml neutravidin
for 30 min, and then washed and incubated with 1 mM biotin-TGT-RGDfK
for 30 min at 4C. Finally, the surface was washed by PBS three times
without drying. Cell solution was loaded onto the TGT surface immediately
after the washing procedure.Preparation of cell solution
CHO-K1 cells were detached from culture flasks using a mild detaching
reagent, EDTA solution, to preserve the integrity of cell membrane pro-
teins. Cells in culture flasks were rinsed by the EDTA solution three
times, incubated at 37C in the EDTA for 10 min, and dispersed by pi-
petting. Cells were spun down and resuspended in serum-free aMEM
(9144, Irvine Scientific) at 106/mL for integrin tension measurement.in live CHO-K1 cells. (A) The dsDNA geometries and tension tolerances of
d was labeled with Cy3 to report TGT rupture by integrins. (B) DIC images
3 fluorescence loss. Scale bar: 10 mm. Data were acquired after 2 h of cell
Two Levels of Integrin Molecular Tension 2261The recipe for the EDTA solution is 100 mL 10 HBSS þ 10 mL 1 M
HEPES (PH7.6) þ 10 mL 7.5% sodium bicarbonate þ 2.4 mL 500 mM
EDTA þ 1 L H2O.Observation of fluorescence loss due to TGT
rupture caused by integrin forces
CHO-K1 cells were plated and incubated at 106/ml density on 12~54 pN
TGT surfaces at 37C and 5% CO2 for 2 h (providing enough time for
the formation of FAs in CHO-K1 cells). The cell samples were relocated
onto a confocal microscope (Zeiss 710) stage prewarmed to 37C. Images
were acquired using a 63 oil immersion objective in Cy3 channel and dif-
ferential interference contras (DIC) channel.FA molecular force inhibition by blebbistatin
1) 12, 23, 33, 43, and 54 pN TGT surfaces were prepared on glass bottom
petri dishes. 2) Cells on TGT surfaces were incubated for 10 min in serum-
free aMEM at 37C. 3) 5 mM blebbistatin (final concentration) was added
to aMEM medium. 4) The samples were further incubated for 2 h and im-
aging was performed.FA/stress fiber imaging by vinculin
immunostaining and actin staining
1) CHO-K1 cells were plated and incubated on a 54 pN TGT surface in
serum-free aMEM for 2 h. 2) Cells were rinsed once with PBS. 3) Cells
were fixed in 4% paraformaldehyde for 10 min at RT (catalog No.
15710, Electron Microscopy Sciences). 4) Cells were rinsed three times
with PBS. 5) Cells were permeabilized in 0.5% TritonX detergent for
10 min at RT. 6) Cells were rinsed three times with PBS. 7) 3% bovine
serum albumin in PBS was added to cell samples to block nonspecific pro-
tein adsorption for 1 h at RT (or overnight at 4C). 8) Cells were rinsed three
times with PBS. 9) 2.5 mg/ml dilutions of primary antibody (FAK100, Milli-
pore, mouse anti-Vinculin) was prepared in PBS þ 0.05% Tween20. 10).
Primary antibody was added to cell samples and the samples were incu-
bated for 1–2 h at RT (or overnight at 4C). 11) The samples were washed
three times with PBS þ 0.05% Tween20 and a 5-min incubation time was
used for each wash. 12). 2.5 mg/ml dilutions of secondary antibody
(AP192SA6, Millipore, Donkey antimouse-Alexa647) was prepared in
PBSþ 0.05% Tween20. 13) Secondary antibody was added to cell samples
and the samples were incubated for 1 h at RT (or overnight at 4C). 14) The
samples were washed three times with PBS þ 0.05% Tween20 and a 5-min
incubation time was used for each wash. 15) 5 mL methanolic stocked Phal-
loidin-Alexa 594 solution (A12381, Life Technologies, 300 units/ml)
mixed in 200 mL PBS was added to cell samples and the samples were incu-
bated for 20 min at RT. 16) Cell samples were washed three times with
PBS þ 0.05% Tween20 and confocal imaging was performed.RESULTS AND DISCUSSION
TGT constructs and rupture force calibration
TGT is assembled from dsDNA, which can be ruptured into
two ssDNA at its critical rupture force or tension tolerance
(Ttol, tunable from 12 to 54 pN, Fig. 1 A) (22). Ttol values
were calculated using the DNA rupture model by P. G. de
Gennes and the parameters were determined experimentally
by the Prentiss group (29). Ttol of a molecular bond is depen-
dent on the timescale of the force applied. Because the mag-
netic tweezers experiments that yielded the parameters tothe de Gennes model were performed by increasing the
force incrementally after a few seconds of constant force,
which did not rupture the DNA, the absolute force values
may be different from our estimates if the cellular timescale
of force application is much longer or shorter than a few sec-
onds. In the section of Integrins in motile FAs transmit >54
pN molecular force, we estimate that the timescale of TGT
rupture in motile FA is in the range of seconds to minutes,
overlapping with the timescale of TGT calibration.TGT rupture patterns on surfaces with different
Ttol
Peptide ligand RGDfK targeting integrin aVb3 (30) was
covalently linked to the 30 end of the top DNA strand of
TGT and immobilized on a glass surface through a biotin
on the bottom strand. The top DNA strand was also labeled
at the 50 end with a Cy3 fluorophore (Fig. 1 A) so that TGT
rupture and accompanying loss of fluorescence can reveal
the spatial distribution of cellular forces applied through sin-
gle integrins. Fluorescence images obtained 2 h after plating
CHO-K1 cells showed that TGTs were ruptured under the
cells, giving rise to loss of fluorescence, for Ttol ¼ 12, 23,
or 33 pN (Fig. 1 B), likely because cells need to apply
>33 pN tension across single integrin-ligand bond to adhere
to the surface as reported previously (22). These rupture pat-
terns are relatively homogenous on the cell-substratum
interface, indicating that integrins did not form FAs. In
contrast, cells adhered and spread on 43 and 54 pN TGT sur-
faces, likely because these stronger TGTs can sustain the
~40 pN integrin tension required for initial cell adhesion.
Interestingly, cells also ruptured both 43 and 54 pN TGTs
as shown by fluorescence loss (Fig. 1 B), indicating that in-
tegrin molecular tension can exceed 54 pN. The 54 pN TGT
rupture pattern showed streaks, suggesting that the integrins
transmitting >54 pN tension are spatially well organized.
We also found that these two integrin tensions manifest
themselves at different times. By performing a series of
TGT rupture assay at various cell incubation times, we
observed that the ~40 pN integrin tension manifests itself
in 30 min after cell plating and the >54 pN tension mani-
fests itself in 1~2 h after cell plating, as shown in Fig. S1
in the Supporting Material.Integrins in motile FAs transmit>54 pNmolecular
force
Because integrins cluster and couple with other proteins
such as vinculin, talin, FAK, and a-actinin (31) to form a
multimolecular complex called FAs (Fig. 2 A), we reasoned
that the streak rupture pattern observed on the 54 pN
TGT surface is caused by FAs. To confirm this, we trans-
fected CHO-K1 cells with vinculin-mCherry, which marks
focal adhesion locations, and performed live cell imaging
(Movies S1 and S2). We observed that FAs, decorated byBiophysical Journal 109(11) 2259–2267
FIGURE 2 Surface-immobilized RGDfK-TGT with Ttol ¼ 54 pN is ruptured by motile FAs. (A) Schematics of cell engagement with RGDfK-TGT im-
mobilized on a surface. FA structure is based on (31). (B) DIC image of a CHO-K1 cell plated on a 54 pN TGT surface for 2 h in serum-free medium.
(C) Fluorescence of Cy3-labeled TGT under the cell shown in (B). Loss of fluorescence in dark streaks represents TGT rupture. (D) Localization of FAs
(red dots, marked by immune-stained vinculin) on the lines of ruptured TGT (green lines, inverted from Fig. 2 C). (E) Stress fibers formed by actin
(blue lines) and cell contour added to (D). Scale bar: 10 mm. (F) RGDfK-TGT density was estimated to be ~1100/mm2. Cy3-labeled TGT surface has
4.83  104 grayscale value under Cy3 imaging. By comparison, with the same imaging setting, a surface with 385/mm2 Cy3 precalibrated by the method
in (22) has 1.72  104 grayscale value. Thus, TGT density was estimated to be ~1100/mm2 (385/mm2  4.83/1.72). (G) Line profile analysis of TGT rupture
pattern (red line in Fig. 2 F) shows ~40% fluorescence loss in TGT rupture track. Data were acquired after 2 h of cell incubation on TGT surface. To see this
figure in color, go online.
2262 Wang et al.mCherry, move on the surface and rupture 54 pN TGT in a
streak pattern, consistent with motile FAs observed in some
cell types (32), and showing that >54 pN integrin tension
originates from FAs. Note that FAs in CHO-K1 cells also
move on the fibronectin-coated surface (Movie S3) where li-
gands are not rupturable. Therefore, FA motility is not
caused by the use of rupturable tethers. We also performed
immunostaining in CHO-K1 cells to simultaneously image
TGT rupture, FA, and actin stress fibers in three different
colors. As shown in Fig. 2 D, every TGT rupture line (green
line, contrast inverted relative to Fig. 2 C) ends with an FA
(red dot). Fig. 2 E shows that two FAs are connected by an
actin stress fiber (blue line) and TGT rupture streaks alignBiophysical Journal 109(11) 2259–2267with stress fibers, suggesting that stress fibers transmit this
>54 pN force to single integrins in FAs and drags two
FAs closer while rupturing TGTs in the process.
The TGT surface density was ~1100/mm2 and ~40% of
TGTs within the streak pattern were ruptured (Fig. 2, F
and G). Based on live cell imaging analysis on vinculin-
mCherry transfected CHO-K1 cells (Movie S1), the average
speed of FA movement was 0.26 5 0.08 mm/min and FA
longitudinal length was 1.56 5 0.45 mm on average (n ¼
15). With these data, we estimated that motile FAs rupture
TGT at the rate of 73/mm2$min as follows. FA sweeps
through a certain location on the TGT rupture track in
1.56/0.26 ¼ 6.0 min, and causes 440/mm2 TGT rupture on
Two Levels of Integrin Molecular Tension 2263that location. Therefore, TGT rupture rate is 440/6.0 ¼
73/mm2$min). Because the bulk traction stress in FAs was
reported to be ~1 kPa (33) and the tension across a single
integrin is in the range of 10~100 pN (22–26), we can esti-
mate that the density of force-bearing integrins in FAs is
10~100/mm2. Combining this value with the TGT rupture
rate of 73/mm2$min, we estimate that integrin tension dwell-
ing time on a TGT until its rupture is in the range of seconds
to minutes, which overlaps with the TGT calibration time-
scale of a few seconds (29).Actomyosin generates >54 pN integrin molecular
tension
Because stress fiber contraction, known to occur through
myosin II activity, appears to drive FA migration and TGT
rupture, we tested if the actomyosin, which is the complex
of actin and myosin, generated this>54 pN force. We plated
cells on 54 pN TGT-coated surfaces in a medium containing
5 mM blebbistatin, a myosin II-specific inhibitor (34). UnderFIGURE 3 TGT rupture pattern with blebbistatin or Y27632. (A) 5 mM blebb
27632 abolished 54 pN TGT rupture. Scale bar: 10 mm. (C) 5 mM blebbistatin d
TGT rupture ratio on 12~54 pN TGT surfaces in 5 mM blebbistatin. Each data p
Rupture ratio ¼ (I0  Icell)/I0, where I0 is the averaged fluorescence intensity in
Data were acquired after 2 h of cell incubation on TGT surface. To see this figthis condition, although the cells adhered, the stress fibers
were thinner and the FAs were smaller (35) (Fig. S2) and
TGT rupture was completely inhibited (Fig. 3 A). Note
that 5 mM blebbistatin is a relatively low dose compared
to 20 and 50 mM that are more commonly used (36). In addi-
tion, 10 mM rho-associated protein kinase (ROCK) inhibitor
Y-27632 abolished the rupture of 54 pN TGT (Fig. 3 B).
ROCK is known to regulate actin organization and myosin
activation (32). Because the force generated by a single
myosin is only around a few pN (37,38), our data indicate
that multiple myosin II proteins collectively generate
>54 pN force on single integrins in FAs through actin stress
fibers.Actomyosin is not required for ~40 pN integrin
tension which mediates cell adhesion
Depending on the Ttol values, blebbistatin treatment affected
RGDfK-TGT rupture differently (Fig. 3, C and D). 12~33
pN TGTs were still ruptured by cells in the presence ofistatin abolished Ttol ¼ 54 pN TGT rupture. (B) 10 mM ROCK inhibitor Y-
id not abolish Ttol ¼ 12, 23, and 33 pN TGT rupture. Scale bar: 20 mm. (D)
oint was acquired based on 18 cells. The error bar represents standard error.
the background and Icell is the averaged intensity in the area under the cell.
ure in color, go online.
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2264 Wang et al.5 or 25 mM blebbistatin (Fig. S3), whereas 43 and 54 pN
TGT rupture was insignificant, suggesting that there exists
~40 pN force across single integrins during early cell adhe-
sion and this force is not generated by actomyosin. We pre-
viously showed that 1) ~40 pN threshold for cell adhesion
is insensitive to blebbistatin treatment, 2) ~40 pN integrin
force requirement kicks in as early as 5 min after cell plating
when FAs and stress fibers have not yet formed (22), and 3)
cell membrane tension reduction by hypertonic medium
treatment lowers the tension threshold for cell adhesion
from ~40 pN to ~30 pN (22). Collectively, our data here
and from our previous study indicate that the ~40 pN integ-
rin force, which mediates cell adhesion and ruptures weak
TGTs, does not originate from actomyosin, but from the
cell membrane.dsDNA in TGT is separated in single strands and
internalized
The Salaita group reported that single integrins within FAs
can experience strong enough forces to rupture biotin-strep-
tavidin bonds (28). Therefore, it is possible that fluorescence
loss we observed is due to the dissociation of biotinylated
TGT as a whole from the surface instead of separation
of two DNA strands into single strands (melting). To test
this possibility, we labeled the top and bottom DNA strands
of 54 pN TGT with Cy5 and Cy3, respectively, so that se-
lective loss of Cy5 fluorescence signal would report on
DNA melting, whereas biotin-neutravidin rupture would
be detected as simultaneous loss of both Cy3 and Cy5 fluo-
rescence signals. Comparison of fluorescence loss percent-
ages of Cy5 (13.8%) and Cy3 (0.68%) showed that 95%
of the loss of the TGT top strand can be attributed to dsDNA
melting (Fig. 4 A). Therefore, although actomyosin can
generate strong enough forces through single integrins to
rupture biotin-neutravidin bond (28), dsDNA is the weakFIGURE 4 TGT rupture site analysis and internalization of ruptured TGT. (A)
tively. Selective loss of Cy5 signal reports dsDNAmelting and simultaneous loss
typical cell (the cell at center of picture) is 13.8%, whereas Cy3 loss is 0.68%, c
gauging part of TGT. (B) Fluorescent dots were found inside cells, suggesting tha
image plane 2. Data were acquired after 2 h of cell incubation on TGT surface
Biophysical Journal 109(11) 2259–2267link in our measurements. We also observed fluorescent
dots inside cells after TGT rupture (Fig. 4 B), suggesting
that the top strand conjugated with RGDfK and a fluoro-
phore was internalized after TGT rupture, likely through
endocytosis, which recycles integrins (39,40).>54 pN integrin force distribution in FAs
With TGT rupture as a signal reporter, we can now study the
mechanical history of ligand engagement by integrins. We
obtained line profiles of TGT rupture and FA along the
rupture streaks (Fig. 5 A) and plotted the averages of 16
line profiles (Fig. 5 B). The FA line profile appears as a
normal distribution with full width at half-maximum ¼
2.0 mm and TGT rupture line profile (green curve) shows
a gradual increase from the FA leading edge to the trailing
edge (Fig. 5 B). We tested if the TGT rupture curve can
be calculated by assuming that the strong (>54 pN) force
is evenly distributed within FAs or if uneven distribution
of the strong force within FAs is necessary to account for
the TGT rupture curve. If TGTs are ruptured with a uniform
rate everywhere within an FA, the TGT rupture curve should
be proportional to the line integration of the FA curve.
Indeed, the TGT rupture curve computed this way overlaps
well with the actual TGT rupture curve with a correlation
efficient 0.99 between two curves (the parts of curves at a
location of 0~2.5 mm, Fig. 5 B), suggesting that the distribu-
tion center of the strong integrin force in a motile FA most
likely overlaps with the mass center of that FA. If we assume
that >54 pN integrin force is located only in the left lobe or
right lobe of the FA distribution, the simulated TGT rupture
curves deviated greatly from the actual TGT rupture curves
with correlation coefficients 0.91 and 0.86, respectively
(Fig. 5). A recent proposal suggests that the traction force
is mostly located in the distal tip of a FA (33). However,
our analysis suggests that the integrin force in a FA more54 pN TGT labeled with Cy5 and Cy3 on the top and bottom strands, respec-
of Cy3 and Cy5 signals reports biotin-NeutrAvidin rupture. Cy5 loss under a
onfirming that TGT rupture majorly occurred on the dsDNA site, the force
t the ruptured TGTwere internalized by cells. Image plane 1 is 1.8 mm above
. To see this figure in color, go online.
FIGURE 5 Analysis of integrin tension distribu-
tion in FAs. (A) Sample images for FA (red for vincu-
lin) and 54 pN TGT rupture pattern (green) analysis.
White lines indicate the analyzed line profiles. (B)
Averaged line profiles (n ¼ 16 lines) of the FA and
TGT rupture pattern. The blue curve is the simulated
TGT rupture curve based on the assumption that
>54 pN integrin tension is evenly distributed within
FAs. The magenta curve is simulated based on the
assumption that>54 pN integrin tension is uniformly
distributed only in the left lobe of the FA site. The
black curve is simulated based on the assumption
that>54 pN integrin tension is uniformly distributed
only in the right lobe of the FA site (distal site). Cor-
relations coefficients of blue and green curves, blue
and magenta curve, and blue and black curves are
0.99, 0.91, and 0.86, respectively. Correlations were
calculated based on curve parts on the location of
0~2.5 mm. To see this figure in color, go online.
Two Levels of Integrin Molecular Tension 2265likely overlaps with the FA mass center. In (33), high-reso-
lution traction force microscopy (spatial resolution of stress
distribution: 0.7 mm) was applied to pinpoint the traction
force center in a FA. It was found that the position of
peak traction force in a FA was skewed to the distal FA tip
by a distance >0.7 mm. In our experiment, we did not
observe a significant off-center distribution of>54 pN force
in a FA. Note that integrin tension distribution analysis on
the TGT platform is dependent on the optical resolution,
here 0.2 mm in our current confocal microscope setting.
This discrepancy may arise from two potential sources. 1)
The stiffness of the substrate may change the force distribu-
tion profile in a FA; (33) used an elastic substrate (Young’s
modulus: 8.6 kPa) as a force measurement platform,
whereas the TGT assay used a glass surface. 2). TGT assay
reports the force distribution of>54 pN integrin tension in a
FA, whereas (33) reports traction force contributed by all
integrin tension in a FA. It is possible that there is integrin
tension lower than 54 pN in a FA, which causes the sig-
nificant center shift of traction force in a FA. In addition,
a recent publication using fluorescence resonance energy
transfer-based force sensors and super-resolution micro-
scopy reported a ~0.2 mm center shift between the integrin
force region and vinculin region (41). This value is much
less than the ~1.1 mm center shift reported in (33) and is
consistent with our observation of no shift within our reso-
lution of 0.2 mm.Motility symmetry of FA pairs
Because we often observed a pair of FAs (two FAs con-
nected by one stress fiber) moving toward each other, we
wondered if FA motility is symmetric or not. The symmetry
of FA pair motion is defined by 1-jL1 L2j/(L1þ L2), where
L1 and L2 are the travel distances of two FAs in a pair. FA
travel distance was inferred from the TGT rupture tracks
(Fig. 6 A). We found that FA pair motion is highly symmet-
rical when both FAs are on the inner region of cell-substra-tum interface (symmetry value ¼ 0.94 with 1.0 representing
the perfect symmetry). The FA pair motion became asym-
metrical if one FA is inside the cell-substratum contact
region and the other is in the edge of the cell (symmetry
value ¼ 0.74). FA pair motion is the least symmetrical if
both FAs are located on the opposite edges of one cell (sym-
metry value ¼ 0.57; Fig. 6 B). This result adds up one more
piece of evidence to demonstrate that FA behavior is highly
dependent on the location under a cell, as previous study
shows that peripheral FAs carry more cell traction force
than central FAs (42).CONCLUSIONS
In summary, we applied fluorescently labeled TGT technol-
ogy to study the magnitude and spatial distribution of integ-
rin molecular tension. Force transmitting receptors such as
integrins can rupture ligand-linked TGT and cause fluores-
cence loss on a TGT-coated surface. TGT surface with a
defined Ttol provides a fluorescent canvas to record the
spatial and historical activity of >Ttol integrin force on
cell-substratum interface. On this TGT platform, we studied
integrin tension distribution at different force levels and
revealed two distinct levels of integrin molecular tensions:
a ~40 pN molecular tension transmitted by integrins before
FA formation, and a >54 pN molecular tension transmitted
by integrins in motile FAs. We further demonstrated that the
>54 pN integrin tension is generated by actomyosin,
whereas ~40 pN integrin tension is independent of actomy-
osin, consistent with the previously reported ~40 pN tension
generated by cell membrane during cell adhesion (22).
Together, these results suggest that the force levels and sour-
ces are different for integrins before and after FA formation.
Such multilevel forces acting in multiple stages may
contribute to the versatility of integrins in cellular function
regulation. We also studied integrin force distribution in
FAs and inferred that >54 pN integrin tension is likely to
be distributed evenly in motile FAs in CHO-K1 cells. WeBiophysical Journal 109(11) 2259–2267
FIGURE 6 Symmetry analysis of FA pair motion. (A) Two FAs connected by one stress fiber form a FA pair. The paired FA (magenta dots) travel distances
reported by TGT rupture tracks (green lines) show different symmetry levels, depending on the FA locations in cells. (B) FA pair motion is highly symmet-
rical if two paired FAs are both in the inner region of cell-substratum interface. FA pair motion becomes asymmetrical if two FAs in pair are located on the
periphery of cells. Symmetry is calculated as 1-jL1  L2j/(L1 þ L2), where L1 and L2 are the travel distances of two FAs in a pair. Scale bar: 10 mm. Sample
number for each data point: 20. To see this figure in color, go online.
2266 Wang et al.did not observe significant deviation between FA mass cen-
ter and the center of integrin tension distribution in FAs pro-
posed earlier (33). Therefore, we propose that the region of
the strongest force across single integrins within a motile FA
is its middle, not its edge. Through the analysis of TGT
rupture caused by motile FA pairs, we found that the pair
movement has different degrees of symmetry depending
on FA locations in cells. The FA pair motion with both
FAs on opposite cell edges has a high degree of asymmetry.
Overall, fluorophore-labeled TGT provides a convenient
platform to study spatial distribution of integrin molecular
tension. We have confirmed that integrin tension in motile
FA can exceed 54 pN using TGT with Ttol ¼ 54 pN, which
is the upper limit of current dsDNA-based TGT. In the
future, the integrin tension range beyond 54 pN can be
potentially explored with TGTs based on other material
such as DNA/peptide nucleic acid hybrid, which has a stron-
ger bond strength compared to dsDNA (42). We also showed
that integrins are under different tension levels before and
after FA formation, suggesting diverse levels of single mole-
cule tension on integrins. Future studies may examine how
different levels of tension may regulate different cellular
functions by observing and correlating TGT-recorded integ-
rin force activities with induced cellular functions including
cell proliferation, migration, etc.SUPPORTING MATERIAL
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